Abstract: The dissolution rates of rare earth oxides and two types of rare earth containing functional materials into water, saline solution, and Gamble's fluid were measured in order to evaluate the biological effects of rare earth-containing functional materials. The tested materials were yttrium, lanthanum, cerium and neodymium oxides, and neodymium-boron-iron magnet alloy (NdBFe) and lanthanum-mish-metal-nickel-cobalt (LmNiCo) hydrogen-containing alloy. The dissolution rates of the rare earth oxides were very low, resulting in concentrations of rare earth elements in the test solutions of the order of ppb. In the most extreme case, Gamble's fluid dissolved 1,400 times more of the rare earth oxides than pure water. Fairly high concentration of neodymium were found in the dissolving fluids, which means that trace neodymium present as an impurity in each rare earth oxide dissolved preferentially. For yttrium oxide, the ratio of neodymium to yttrium that dissolved in the saline solution was greater than 78,000 to 1, taking into account the amount of each that was originally present in the yttrium oxide.
luminescence materials. The number of products including the functional materials has increased since the 1990's and, in the past ten years, the use of rare earth elements in functional materials has grown and spread rapidly 1, 2) . China, which is the biggest producer of rare earths approximately doubled its production of them in the 1990's 2) , and world rare earths production of in 1996 was 81,091 tons 1) . As the demands of functional materials are increasing, with the growth of the information technology (IT) industry and energy conservation technologies, the number of workers exposed to rare earth elements must be increasing.
The growth of usage of rare earth elements is fast, while the present state of our knowledge of the biological effects of rare earths is insufficient to manage the risks of using them. Knowledge of the health effects of exposure of the respiratory tract to rare earth elements is particularly needed because some reports have said that exposure of the Introduction "Rare earth elements" is a collective term for 17 elements, namely scandium (Sc), yttrium (Y), and the lanthanoids. As the 17 elements have similar chemical behavior, purification of rare earth elements is quite difficult and the usage of rare earths was very small until 20 yr ago. Rare earth elements have specific properties regarding their magnetism and electron states. In the1980s, the applications of the specific properties were realized in many types of functional materials such as high-efficiency magnetic materials, solid metal hydrides, and high-intensity respiratory tract to rare earth oxides carries the risk of pneumoconiosis [3] [4] [5] [6] [7] . Consequently, we have begun researching the biological effects of rare earth elements on the respiratory organs and evaluating their chemical behavior within the living body, such as their dissolution profiles and chemical conversion by water and/or air by in vitro experiments.
Dissolution is an important factor in the characterization of pollutants and toxic materials. The dissolution rate determines the dispersion rate and the retention time in the tissues. Solubility data into pure water, which is relatively easy to obtain, is not suitable for the evaluation of biological retention time because biological fluids contain ingredients such as salts and organic compounds. These ingredients have acceleration or suppression effects on dissolution. Therefore, solubility measurement experiments using pseudo biological fluids have been performed to evaluate the solubility of many kinds of materials such as heavy metal compounds [8] [9] [10] [11] [12] , mineral dusts including asbestos substitutes [13] [14] [15] [16] , soils 17) , radio active aerosols [18] [19] [20] and other low solubility materials [21] [22] [23] into biological fluid.
In this study, we evaluated the dissolution rate of rare earth oxides and rare earth-containing functional materials such as neodymium-boron-iron magnet alloy (NdBFe) and lanthanum mishmetal-nickel-cobalt (LmNiCo) hydrogencontaining alloy. The solvents of the dissolution evaluation experiment were pure water as a reference, saline solution and Gamble's fluid 24) as a pseudo-alveolar fluid. The dissolution was evaluated by measuring the concentrations of rare earths in the solvents by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The multi-element measurement function of ICP-MS made simultaneous observation of the dissolution of both primary ingredients and impurity ingredients possible. In the present paper, we report the results of dissolution of main components and the behavior of the other rare earth elements, which were contained as impurities.
Experimental

Materials
The NdBFe was produced by Magnequench Inc. (Indianapolis, IN, USA), and was used in the form of shot. Two types of LmNiCo were used; both were purchased from Japan Metals & Chemicals (Tokyo, Japan). The manufacturer's product codes are "B" and "J". They were both in the form of under less than 100-mesh powder. Rare earth oxides were purchased from Kojundo Chemical Laboratory (Sakado, Japan). The purities of the rare earth oxides were greater than 99.99% and the rare earth oxides were used without further purification. These are the same materials that were used in our evaluation of the biological effects of rare earth oxides in animal experiments 25) . Two kinds of cerium oxides, larger particles (CeO 2 -coarse) and fine particles (under 1 µm; CeO 2 -fine) were evaluated for their biological effects. CeO 2 -fine was chosen for dissolution evaluation because it was found to have a higher toxicity than CeO 2 -coarse 25) . The particle size distributions of rare earth oxides were measured by scanning electron microscopic (SEM; S-4700, Hitachi, Tokyo, Japan) observations. The particle size distributions of rare earth oxides are shown in Table 1 and the SEM images are shown in Fig. 1 .
Solvent
Pure water with a conductivity of 18.2 MΩcm was obtained with a CPW-12 (Advantec Toyo, Tokyo, Japan). The saline solution and the Gamble's fluid were prepared from the same water and analytical grade reagents.
There are various modifications of Gamble's fluid. The original Gamble's fluid 24) comprises only inorganic salts, chlorides, carbonates, and phosphates of alkaline and alkaline earth metals. Some researchers advocate mixing protein and other organic ingredients into the original Gamble's fluid to more closely simulate biological fluid 8, 9) , but organic components and protein in particular may adversely affect experimental reproducibility due to putrefaction.
In this work, a modified Gamble's fluid 13) containing some organic acids but no proteins was chosen. The Gamble's fluid was prepared by dissolving the reagents shown in Table  2 in pure water; then hydrochloric acid was added to the solution to adjust the pH to 7.6.
Procedure
Approximately 0.5 g of each of the oxides or 1 g of each of the alloys were placed in 50-ml polyethylene centrifuge tubes. Forty milliliters of solvent was added to each tube and the tubes were kept at a constant temperature of 23°C. At two separate times, 1 d and 1 wk after preparation, 1 ml samples were taken from the solutions with a disposable plastic syringe and filtered with Omnipore ® hydrophilic polyfluoroethylene membrane filter (Millipore, MA, USA), the pore size of which was 0.45 µm. The filtrate part was considered as the dissolved state. After filtration, 9 ml of 6% nitric acid was added to the filtrate as a stabilizer. The metal concentrations in the sample solutions were measured by Agilent 7500c inductively coupled mass spectrometer (Agilent Technologies). The Y, La, Ce, Nd, and Sm concentrations of all of the samples were measured.
Results and Discussion
Very low concentrations of each of the rare earth elements were found in the dissolving fluids. In our experiments on rats, we found that rare earth oxides are retained in rat lungs for a long time and the present result is agreement with that finding. Figure 2 summarizes the various dissolution evaluation indexes. There are two major ways to evaluate dissolution of particulate matters: observation of particle elimination, and measurement of the concentration of particle components. The curve in Fig. 2 shows a typical change of concentration of solute in the solvent. The slope of the curve shows the solubility rate of the solute and the concentration of the plateau of the curve shows the saturated concentration. Solubility rate and saturated concentration indicate the physicochemical property of the dissolution system. Therefore it is preferable to choose a dissolution evaluation index from the two parameters. In the present study, due to the tested materials' low solubility, it was difficult to observe particle elimination, calculate the solubility rate, and measure the saturation concentration. Therefore, the concentration of each of the rare earth elements relative to their concentration in pure water and the absolute amount of each of the rare earth elements were chosen as the dissolution evaluation indexes. Table 3 shows the results for the dissolution of oxides and the functional materials. Both saline solution and Gamble's fluid dissolved the oxides faster than water. Fourteen hundred times more Y 2 O 3 dissolved in Gamble's fluid than in water, which was the greatest difference observed. Saline was the strongest dissolver of all of the rare earth oxides bar Y 2 O 3 . Because phosphates of rare earths have very low solubility, it is thought that phosphoric acid inhibits dissolution.
Dissolving acceleration in saline solution and Gamble's fluid
NdBFe and LmNiCo showed almost the same behavior as the oxides, with dissolution greatest in the saline solution. For LmNiCo, the concentrations in the solutions after 1 d were higher than the concentrations after 7 d. This indicates that some of the rare earth ions were formed into hydroxides and re-precipitated. This is an important point for toxicity experiments, as rare earth elements may continue to exist in animal tissues even if they are not detected under a microscope.
Amplification of impurity concentration
In the present study, neodymium impurity was often present in the resulting solution at a higher concentration than the original compounds, as shown in Table 4 . In many cases neodymium was dissolved preferentially. One week after Y 2 O 3 was placed in saline solution, the concentration of yttrium was 1.9 ppb and that of neodymium was 78 times greater at 145 ppb. Because the purity of the Y 2 O 3 was >99.99%, the dissolution ratio of Nd to Y was greater than 78,000 to 1.
Fig. 2. Various dissolution evaluation indexes.
The underlined indexes were used in the present study.
In our previous study 25) , it was found that yttrium was extracted preferentially into the surface waters of rivers, lakes and the sea. These waters contain different salts and organic matter from Gamble's fluid, including bromide, iodide, and humic acid. The factors that promote the extraction of yttrium are uncertain. Yttrium may dissolve as rapidly as neodymium in body tissues. For this reason, it is imperative that studies be performed using animals to ascertain the effects of both neodymium and yttrium on animal tissues.
Conclusions
The solubility of the rare earth oxides in water was low, but solubility increased when they were dissolved in fluids containing salts. Alloys of the rare earths disintegrated rapidly in all of the solvents, but these solutions did not show the presence of rare earth elements in the form of hydrated ions. In addition, the concentration of the impurity Nd tended to be higher than that in the original compounds.
The results of the present study suggest that effects of impurities should be examined in animal experiments to evaluate rare earth material toxicities. 
